In conventional spectroscopy, transitions between electronic levels are governed by the electric dipole selection rule because electric quadrupole, magnetic dipole, and coupled electric dipole-magnetic dipole transitions are forbidden in a far field. We demonstrated that by using nanostructured electromagnetic fields, the selection rules of absorption spectroscopy could be fundamentally manipulated. We also show that forbidden transitions between discrete quantum levels in a semiconductor nanorod structure are allowed within the near-field of a noble metal nanoparticle. Atomistic simulations analyzed by an effective mass model reveal the breakdown of the dipolar selection rules where quadrupole and octupole transitions are allowed. Our demonstration could be generalized to the use of nanostructured near-fields for enhancing light-matter interactions that are typically weak or forbidden.
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absorption spectra | plasmonics | quantum dot | exciton L ight-matter interactions that govern most forms of spectroscopy, light harvesting, optical imaging, photodetection, optical communications, and data storage are conceptually founded on the laws of far-field optics (1, 2) . Electronic and vibrational transitions excited by the electromagnetic (EM) field of light involve the motion of electrons and atoms on the length scale of 1 Å, the typical size of a molecule. Because the size (r) of a molecule is 10 3 times smaller than the wavelength (λ) of the light, it is common to approximate that a molecule subjected to light experiences a uniform electric field (1, 2) . Spatial variations of this field across the molecule are neglected in the far-field limit. In this limit, the electric field can excite only those transitions that involve the induction of an electric dipole moment across the molecule, which is assumed to be a point (3) . The latter is commonly postulated in the form of the electric dipole selection rule (4); however, a range of transitions that are important for spectroscopies such as circular dichroism, Raman scattering, Raman optical activity, singlet-triplet transitions, and magneto-optical phenomena are forbidden in an electric far-field. Common examples include electric quadrupole (q), magnetic dipole (m), and coupled electric dipole-magnetic dipole excitations (μ·m) (2, 5) .
By the use of nanostructures (6-9), photonic crystals (10), or complex laser interference excitation schemes (11, 12) , it is possible to engineer electromagnetic fields of light with spatial variations on the nanoscale approaching molecular length scales and to achieve optical phenomena beyond those allowed by conventional far-fields (13, 14) . Jain et al. showed that magneto-optical Faraday rotation of a magnetic nanocrystal could be resonantly enhanced by placing it within the near-field of a plasmonic nanoshell, possibly via enhancement of the quadrupolar and μ·m transitions in the strongly graded electric field near the nanostructure (9). Tang and Cohen (11, 12) recently showed that at the nodes of a standing wave of circularly polarized light, circular dichroism cross-sections are amplified an order of magnitude compared to those in the far-field originating from a superhelical twist of the electromagnetic field at these nodes.
We focused on the most fundamental form of light-matter interaction, electronic absorption spectroscopy, and theoretically demonstrated the possibility of manipulating the fundamental selection rules of electronic absorption by using nanostructured electromagnetic fields (15) . Unlike the allowed electric dipole transition, the strength of which relies only on the intensity of the electric field, an electric quadrupole transition requires an electric field gradient across the extent of the molecule (3). Such gradients approach zero in a far-field. Consequently, the strength of a quadrupole transition is smaller than that of a dipole-allowed transition by a factor of ðr∕λÞ −2 or ðk · rÞ −2 ∼ 10 6 , where k is the wave vector of the excitation. Transitions of higher multipolar order (l ¼ 3; 4; …) have even lower strengths ∼ðk · rÞ −2ðl−1Þ relative to the dipole-allowed transition. It may be possible, however, to enhance such forbidden transitions by taking advantage of the high wave vector k of nanostructured fields, especially through localized surface plasmon resonances (16) (17) (18) .
We show how forbidden transitions can become allowed in a semiconductor nanorod (e.g., CdSe or CdS). This model system offers discrete quantized narrow excitonic levels with a range of wave vectors. Our choice of a near-field source is a metal nanosphere tip (19) (see Fig. 1 ); however, one may use an alternative source such as the tip of a near-field scanning optical microscope (NFSOM) (20) . The resonant near-field of the metal nanoparticle produced under light excitation polarized along the nanorod long-axis assumed in the z direction penetrates into the nanorod on one side then rapidly decays from the metal nanoparticle surface providing a strong field gradient in the direction of the long axis (21) .
Results and Discussion
When the system composed of a nanorod and a metal tip is exposed to a homogeneous external field EðtÞ ¼ E 0 e iωt þ c oscillating at frequency ω, the nanorod is subject to an electric potential ϕðr; ωÞ, and it will undergo optical transitions with a rate of absorption given by the following equation:
where ε a and ε j are the electron and hole eigenenergies and ψ a ðrÞ, ψ j ðrÞ are the corresponding orbitals, respectively. The above expression reduces to the well-known dipolar absorption spectrum when ϕðr; ωÞ ¼ −E 0 z for a uniform electric far-field (4). The conventional selection rules hψ a jẑjψ j i ≠ 0 are replaced The authors declare no conflict of interest.
This article is a PNAS Direct Submission. by hψ a jφðωÞjψ j i ≠ 0. In the calculations below, the delta function is substituted by a Lorentzian, i.e., πδðεÞ → γ δ 2 þγ 2 , where γ ¼ 0.1 eV is the phenomenological line width.
The far-field driving the system is pointing in the z direction, and its interaction with the metallic tip, modeled as a sphere of radius and dielectric function ϵ 1 ðωÞ, produces the total potential
≡ −E 0 z þ δϕðr; ωÞ outside of the sphere (contour plotted in Fig. 1 ) and ϕðr; ωÞ ¼ −E 0 z½1 − sðωÞ inside the sphere (22) . Here, sðωÞ ¼ ϵ 1 ðωÞ−ϵ m ðωÞ ϵ 1 ðωÞþ2ϵ m ðωÞ and ϵ m is the dielectric constant of the surrounding medium. The potential outside of the sphere is composed of the uniform field potential (−E 0 z) supplemented by a dipolar term [E 0 sðωÞa 3 z r 3 ] that is contour plotted (see Fig. 1 , Lower). One can show that the electric field immediately outside of the sphere is enhanced by a factor of j1 þ 2sðωÞj illustrated by the hotspots along the z direction near the sphere (see Fig. 1 ).
To calculate the absorption spectrum of the nanorod subject to such a field, one requires as input the orbitals and orbital energies that were obtained from a screened pseudopotential approach (23, 24) . A real-space grid was used to represent the wave functions, and the filter-diagonalization method (25) was used to extract the states near the valence (conduction) band maximum (minimum). Fig. 2 shows several single particle wave functions projected on the long axis of a CdSe nanorod with an aspect ratio of 7 1∕2 . The high frequency oscillation is not noise; rather, it is a consequence of the rapidly oscillating Bloch function of the unit cell. To analyze the selection rules in the absorption spectrum of the nanorod, it is useful to assign quantum numbers to the eigenstates according to an effective mass description of a particle in a cylinder (26) . Accordingly, the number of nodes along the z axis or, equivalently, the longitudinal quantum numbers k e;h allow such designation of the eigenstates participating in a given transverse band. For the nanorod without a close-by metal tip, the simple effective mass model predicts allowed optical transitions only when k e ¼ k h . Although these rules are not strictly obeyed in the more elaborate atomistic calculations, the k e ≠ k h transitions do present themselves as allowed transitions with very small oscillator strength.
The calculated absorption rate of CdSe and CdS nanorods (of length L ¼ 20 nm and diameter D ≈ 2.8 nm for CdSe and D ≈ 2.5 nm for CdS) as a function of the size of the metal tip are shown in Fig. 3 . The spectra show two distinct peaks that can be associated with transitions to different transverse bands composed of many longitudinal transitions (26) The spectra exhibit a small blue shift as the metal tip diameter increases (see Inset), and it saturates above a metal tip diameter of approximately 6 nm. The saturation can be traced to two competing effects: (i) the spatial extent where the near-field decays into the rod, which would result in larger shifts as the diameter of the tip increases, or (ii) the shortening of the electron/hole longitudinal wave length as the energy of the transition increases. A more dramatic effect observed in the near-field absorption spectrum is the enhancement of the absorption rate as the metal tip diameter increases, which is analogous to the surface enhanced Raman scattering phenomena. In these calculations, we used sðωÞ ¼ 2 þ 2 1 2 i independent of the frequency [see SI Materials and Methods for details concerning sðωÞ for gold and silver tips].
In Fig. 3 , we show oscillator strengths of individual transitions calculated from the detailed atomistic model. The dipole-allowed transitions, shown as black dots, could be associated with the electron-hole excitations of different longitudinal waves (see Fig. 2 ) that follow the effective mass model selection rules k e ¼ k h (27) . Transitions that violate this selection rule although strictly forbidden in the effective mass model are weakly allowed in the atomis- tic calculation. These transitions, however, are not plotted in Fig. 3 as their weak intensity is below the threshold used to plot significant optical transitions. The lowest transition observed is k e ¼ k h ¼ 1, and higher transitions involve k e ¼ k h ¼ 2. In the effective mass model, these transitions have identical oscillator strengths, whereas in the atomistic calculation they decay with increasing k e ¼ k h .
The transitions in the presence of the metallic tip are shown as magenta dots in Fig. 3 for the largest tip studied. The near-field of the metal tip induces two unique phenomena:
• The strongest dipole-allowed transition is no longer at k e ¼ k h ¼ 1, it has a higher value depending on the size of the tip (k e ¼ k h ¼ 3 for the case shown), which contributes to the blue shift observed in the absorption (this effect is different from the shift discussed in ref. 28) . One can show that within a single band effective mass model the matrix element determining the near-field optical selection rules can be approximated (Eq. 2):
where φ e;h ðrÞ is the electron/hole envelop wave functions, and d b is the bulk dipolar transition moment. To leading order, this term increases with the radius of the metal tip (a), and it saturates at large values of a. Furthermore, for the special case where k e ¼ k h , we found that this term increased (nearly linearly) with the longitudinal quantum number. The reduction in the dipolar terms in hψ a jφðωÞjψ j i, with increasing k e ¼ k h , is more than offset by the increase in the near-field term. The latter is manifested as the observed maximum in the oscillator strength shifting to quantum numbers above k e ¼ k h ¼ 1. • More strikingly, we observed a large oscillator strength associated with transitions with selection rules k e ¼ k h AE 1 (quadrupole-allowed), k e ¼ k h AE 2 (octupole-allowed), etc. that are dipole-forbidden and, therefore, are negligible in intensity in a far-field. In the effective mass approximation these transitions become allowed in the presence of a near-field because hψ a jδφðωÞjψ j i is nonzero even when k e ≠ k h . These dipole-forbidden transitions appear at higher energies, and they also contribute to the blue shift in the spectrum. In Table 1 , we provide a list of transitions for a CdSe nanorod with an aspect ratio of 7 1∕2 alongside the magnitude of enhancement resulting from the near-field. Whereas both dipole-allowed and dipole-forbidden transitions are enhanced in the near-field (attributable to increased electric field intensity in the near-field), the enhancement in the latter is much more dramatic. The latter is indeed a manifestation of the larger excitation wave vector of a nearfield compared to a far-field. An increase in the excitation wave vector by n-fold would enhance a quadrupole-allowed mode transition n 2 -fold relative to a dipole-allowed mode.
To our knowledge, such higher multipole transitions have not been directly observed or predicted to occur in any molecular or nanometer scale systems in the linear response regime, i.e., for weak fields. Near-field excitation makes higher-order transitions easily accessible. The dependence of the absorption rate and oscillator strengths on the aspect ratio of the nanorods is shown in Fig. 4 . The appearance of dipole-forbidden transitions is observed irrespective of the aspect ratio. For the smallest aspect ratios, enhancements are the strongest because the near-field nearly spans the entire nanorod; however, because the longitudinal transitions are still strongly confined (note the appearance of a small peak associated with transitions of k e ¼ k h ¼ 2 for ξ ¼ 2), the lowest excitation remains the strongest, resulting in negligible spectral shifts (see ξ ¼ 2 in Fig. 4 ). As the aspect ratio increases for a given nanorod width, the spacing between higher longitudinal transitions decreases (the first peaks are then composed of many longitudinal transitions) resulting in a finite spectral shift where higher transitions become more enhanced.
It may be possible to observe such near-field modulation in a colloidal system. Ag nanoparticles (ca. 10 nm in size) can be conjugated to cadmium sulfide nanorods in solution via established linker chemistry employing short linkers. The enhancement of higher-order modes on binding of Ag nanoparticles would be manifested as an increase in the ensemble absorbance of the excitonic peak and a blue shift due to greater enhancement of the higher k modes. For resolving individual transitions and their enhancement in a near-field, one would require low temperature measurements on single nanorods that are currently challenging for probing absorbance spectra.
Conclusions
We described an approach to control and manipulate the optical selections rules in nanometer scale systems by virtue of nearfields generated from a nearby source, i.e., metal nanoparticles or NFSOM tip. Atomistic calculations on a specific metal-tipped semiconductor nanorod system revealed how the near-field would induce an enhancement in the oscillator strength of the dipole-forbidden transitions relative to the dipole-allowed ones.
The near-field effect on excitonic transitions is physically rationalized using a simple effective mass model and awaits experimental verification.
Materials and Methods
Absorption Spectrum. The calculation of the absorption spectrum is based on linear response. To lowest order in the amplitude of the incoming field, E 0 , one can show that the absorption rate is given by the following equation (see SI Materials and Methods for a full derivation):
where ε a and ε j are the electron and hole eigenvalues, respectively, and ψ a ðrÞ and ψ j ðrÞ are the corresponding single particle wave functions that are the solutions of the real-space pseudopotential model. The Eq. 3 expression reduces to the well-known dipolar absorption spectrum when ϕðr; ωÞ ¼ E 0 z:
Electronic Structure. The electronic structure of the nanorods was described within the real-space screened pseudopotential method (23) . The local screened pseudopotentials used in the results shown here were fitted to reproduce the experimental bulk band-gap and effective masses neglecting spin-orbit coupling. The form of the pseudopotential is given in ref. 23 8) . Grid size ranged from 64 × 64 × 64 for the smallest nanorod to 64 × 64 × 512 for the largest nanorod depending on its aspect ratio. The diameter of the nanorods was smaller than the experimental value to reduce the computational cost. For CdSe and CdS, the diameter was D ¼ 2.8 and 2.6 nm, respectively. To obtain the lowest transitions and calculate the absorption cross-section, we used the filter-diagonalization approach (23, 24) to filter states near the conduction and valance band edge. Filtering about 300 states was sufficient to obtain converged results for the first peak in the absorption spectrum (SI Materials and Methods).
Near-Field. To obtain the near-field generated by the metal tip, we followed standard procedures based on solving the relevant Maxwell equations (SI Materials and Methods). 
